Multiproxy analyses including grain size, total organic carbon (TOC), total sulfur (TS), total nitrogen (TN), calcium carbonate (CaCO3) contents, diatom as well as sedimentary properties of the boring core KM-11 (54 m in length) collected from a brackish lake, Lake Kamo, are used to reconstruct paleoenvironment and coastal evolution of northeast coast of Sado Island in central Japan. Anoxic and normal marine sediments can be detected by TOC-TS relationship, and the origin of organic matter is inferred from the TOC/TN ratio. Geochemical characteristics of the sediments respond striking to sea-level change. In the Late Pleistocene, fluvial sediments are characterized by high TOC, very low TS and terrigenous organic matter. The overlying coastal marsh sediments are characterized by high TOC and abruptly increasing trend of TS suggesting sea water spilled into the site, and are overlain by estuarine sediments which obviously indicates the beginning of the Holocene transgression. Embayment sediments are characterized by low TOC, marine organic matter and low productivity condition indicating the rapid relative sea-level rise. The maximum Holocene transgression could be inferred between 6,500 and 5,000 yrs BP. After that fluctuations of relative sea-level are characterized by high TOC, high TS, a mixed type of marine/terrigenous organic matter and high productivity condition to be inferred marine/brackish lagoonal sediments. Diatom floral changes of the core KM-11 also support the geochemical data to interpret the paleoenvironment and evolution of the coastal deposits.
I. Introduction
Lake Kamo is situated in Ryotsu City, Sado Island, Niigata Prefecture ( Fig. 1 ). Actually Lake Kamo is a lagoon and separated from the Sea of Japan by a sand barrier. The area of this lake is about 4.83km2 with a maximum water depth of about 9.0m. The Lake Kamo boring core (KM-11) is located at the center of Lake Kamo with 8m water depth offering a good opportunity to investigate paleoenvironment, diatom studies Kumano, 1985, 1986; Matsuki et al., 1987; Kobayashi et al., 1993; Nguyen and Kobayashi, 1997) . These investigations are important for understanding the paleoenvironments in this studied area and Holocene sea-level changes. Moreover, organic carbon-sulfur relationship has been increasingly used to interpret paleoenvironments of both modern and ancient sedimentary sequences Berner, 1985, 1986; Lin and Morse, 1991) . A linear relationship exists between organic carbon and sulfide sulfur in normal marine sediments shows the regression line passing through the origin (Berner, 1982 (Berner, , 1984 Raiswell, 1983, 1984) . Sulfur is available in excess as sulfate in sea water, thus the limiting factor for pyrite formation under normal oxic sea water condition is the amount of organic matter which controls the formation of reducing conditions in the near surface sediments. Berner (1984) defined normal marine condition in characteristic of the sediments that are deposited in bottom waters containing dissolved oxygen-breathing bottom fauna. The term euxinic is applied to those environments where sediments are deposited in anoxic, H2 S-containing bottom waters (Leventhal, 1983; Raiswell and Berner, 1985) . In addition, TOC-TS relationship has been used to interpret the paleoenvironments in the siliciclastic marine (Bruchert et al., 1995; Leventhal, 1995; Jansen et al., 1996) and brackish coastal lacustrine (Sampei et al., 1996 (Sampei et al., , 1997 sediments where TS occurs mainly as pyrite sulfur. The types of the organic matter in the sediments have been characterized using TOC/TN ratio (Bordovskiy, 1965; Emerson and Hedges, 1988) .
The present study aims to characterize lithologic and geochemical features of the Late Pleistocene and Holocene sediments in the Lake Kamo and to compare their features to the diatom analysis. Both geochemical and diatom data could be applied to reconstruct paleoenvironment and Holocene sea-level change in the coastal deposits.
II.
Material and method
The 54.19 m thick sediment sequence of boring core KM-11 was routinely sampled at the 5 cm intervals excepting for coarse sand and gravel layers. 196 samples taken for particle size analysis were air dried and organic material was digested in H2O2; after that sediments were sieved to divide gravel, sand and mud owing to Wentworth's size classes.
133 samples taken for total organic carbon (TOC), total sulfur (TS) and total nitrogen where TC=total carbon, TOC=total organic carbon (both in wt % of the bulk sample) and 8.333=ratio of CaCO3 mole weight and carbon mole weight.
4 samples for radiocarbon dating analyses that are woods (-3.98 and-45.80m) and shells (-25.00 and -31.14m) were examined by the BETA ANALYTIC INC., USA.
2. Total organic carbon, sulfur and nitrogen concentrations The stratigraphical change of TOC, TS and TN concentrations can be divided into four groups, Group 1 to Group 4 and the list of geochemical data is shown in Table 1 . Group 1 can be divided into subgroup la and lb (Fig. 3) . The subgroup la (-50.93 to -38.70 m) corresponds to the lithologic subunit Ia, Ib and the lower part of the subunit Ic. The subgroup la is characterized by high amplitude variations of TOC between 0.43 and 3.14%, very low TS (0-0.21%), TN (0.04-0.16%) and relatively high TOC/TN ratios (6.9-2.1 %) . The subgroup lb (-38.70 to -37.34m) corresponds to the upper part of the lithologic subunit Ic. It is characterized by slighly high TOC (1.11-3.98 %) , TS (0.32-0.92 %) and TN (0.13-0.29%).
Group 2 can be divided into three subgroups 2a, 2b and 2c (Fig. 3) (Fig. 3) .
4. TOC/TN ratio and grain size texture In the subgroup la, high amplitude variations of TOC/TN ratio range between 7.5 to 22.1 at the lower part, but relatively stable values between 14.5 to 18.8 at the upper part. TOC/ TN ratio ranges between 7.8 to 15.8 in subgroup lb; 3.3 to 9.0 in group 2; 4.2 to 11.0 in group 3 and 7.7 to 12.5 in group 4 (Table 1) .
Grain size texture in the lithologic Unit I indicates coarsening upward and ranges from 85% sand in the lower part, especially 44 pebble in the base, to 90% mud in the upper part. Lithologic Unit II also shows coarsening upward with 49% pebble in the base, following by 80% sand in the middle and 86% mud in the uppermost part. Lithologic Units III, IV and VI are dominated by 75 to 95% mud, but Unit V is composed of 55 to 94% sand, especially 16 to 26% pebble in the middle part (Fig. 3 ).
IV. Discussion
1. Paleoenvironmental change The following discussion is based on the concentrations of TOC, TS, relationship of TOC-TS and types of the organic matter covarying throughout the core. The result of diatom investigation (Nguyen and Kobayashi, 1997 ) is also integrated in interpreting the changes of sedimentary environments and relative sealevel.
In subgroup la, almost of the data plotted fall within the range of non-marine fresh water on the TOC-TS diagram (Berner, 1984) showing TOC enrichment in relation to TS (Fig. 4-A) . Low TS and relatively high contents of TOC/ TN ratios and TOC at the upper part of subgroup la (Fig. 3) indicate terrigenous input as rivers discharging directly on the site. Low TOC contents at the lower part of this subgroup could be due to predominance of sand contents. In the terrigenous organic matter, nutrients are low, restricting microbial decomposition and H2S generation, thus inhibiting the pyrite for- mation. Sediment has, therefore, relatively high TOC and low TS concentrations and reflects an area of terrigenous organic matter deposition (Rao et al.,1994) . Diatoms flora also supports the fluvial environments as shown in Al diatom subdivision (Fig. 5) . Fresh water epiphytic, epipelic and brackish/fresh aerophilous diatom groups are dominant with representative taxa of Synedra ulna, Pinnularia spp., Gomphonema acuminatum and Epithemia turgida in this subgroup la section (Figs. 5 -7) .
In the subgroup 1b, TS increases abruptly in comparison with the underlying fluvial sediments (Fig. 3) . Almost all the data plotted on the TOC-TS diagram fall within the range of normal marine sediments (Fig. 4-A) . TOC/TN ratio ranges from 8 to 15, suggesting a mixed type of marine/terrigenous organic matters as a consequence of sea water spilled into the site. A2 diatom subdivision is representative of Fig. 6 Correlation of diatom floral changes and paleoenvironments of previous works and boring core KM-11 See Fig. 2 for legends. After Nguyen and Kobayashi (1997) .
brackish/fresh epiphytic, fresh water epiphytic and epipelic diatom groups (Fig. 5) . Rhopalodia gibba and Navicula radiosa are dominant. These data indicate that sediments were deposited in the coastal marsh environment (Figs. 6 and  7) . fresh, as indicated by A2 diatom subdivision. Stratification of the water column increased during the deposition of the section 2. As a consequence of the increasing inflow of sea water relative to fresh water, the interface between the saline and overlying fresh water rose throughout the water column and the surface water gradually became more saline, as recorded by B diatom division (Fig. 5) . Marine/ brackish eipelic, epiphytic and fresh water epiphytic diatom groups are dominant. Diploneis smithii, Rhopalodia gibberula and Melosira jurgensii occur with high frequency. In spite of the presence with low frequency of marine planktonic and epiphytic diatom groups, it demonstrates the increasing inflow of sea water into the site. These data indicate that sediments were deposited under anoxic bottom condition in the estuarine environments (Figs. 6 and 7) . As a consequence of the estuarine environments in the upper part of this section, the sandy pebbles in the lower one could be suggested as the base of estuarine valley fill environments that indicates more sea influences under tidal and wave actions in comparison to the underlying coastal marsh sediments to be formed in the supratidal zone.
The subgroup 2b and 2c are characterized by the decreasing and increasing trends of TS respectively, and both with low constant TOC (Fig. 3) . All the data plotted on the TOC-TS diagram flanked above-left side of the regression line for normal marine sediments indicating TS enrichment in relation to TOC (Fig. 4-B) . They indicate anoxic benthic conditions, sulfidic bottom waters and formation of sulfide minerals in the water column (Raiswell and Berner, 1985) . Because of the presence of abundant benthic fauna in some parts of the lithologic Unit IV indicates that the bottom waters did not contain H2S during the deposition of these sediments, then the semi-euxinic or pooroxic conditions could be inferred in that periods. Sediments are characterized by very low TOC to be mostly controlled by less intense organic input, reflecting the low productivity conditions in deep-water sediments of open sea condition (Berner, 1982 (Berner, , 1984 Lallier-Verges et al., 1993) . TOC/TN ratio ranging from 3.5 to 9 suggests that major amounts of marine organic matter are preserved in the sediments (Fig. 4-D) . It is probable sea-level had been rising significant and the site being located in an open bay under conditions of low productivity and slow sedimentation rate. Because environments of slow sedimentation rates and low concentrations of TOC should allow decomposition of all labile organic carbon (Berner, 1982; Gardner and Dartnell, 1995; Stein and Rack, 1995) , TOC should reach minimum value that represents the amount of the residual refractory organic carbon. These data can also correlate with diatom investigation. The subgroup 2b corresponds to C diatom division which is representative of marine/brackish eipelic and epiphytic diatom groups (Fig. 5) . Rhopalodia gibberula and Diploneis smithii are dominant. The subgroup 2c corresponds to D1 diatom subdivision in which marine planktonic and marine/brackish eipelic diatom groups increase significantly (Fig. 5 ). Thalassionema nitzschioides, Thalassiosira eccentrica and Nitzschia obtusa are dominant. TS enrichments in both intervals of -30.8 to -30.4 m and -22.75 to -22.5m suggest paleoenvironmental changes towards more influence of sea water getting into the site. The first interval corresponds with the change from B to C diatom divisions or changing from brackish to marine environments (Nguyen and Kobayashi, 1997) . The second one corresponds with Dl diatom subdivision and an increase of CaCO3 content (Fig. 3) indicate a strong influence of sea water into the site. Mud contents in this section increase from the lower part of 2a to the upper part of 2c (Fig. 3) . These data indicate that sediments were deposited in the shallow and deep embayments correspond to the subgroup 2b and 2c respectively. It is inferred that the sea-level rose during the deposition of the group 2 with two times fluctuations (Fig. 7) .
Group 3 corresponds to the lithologic Unit V consist of coarse-fine sands and pebbly sands with shell fragments overlying the embayment sediments. It is characterized by very low TOC and an increasing trend of TS ranging from 0.33 to 1.80% at the lowermost part of this section (Fig. 3) . The low values of TS is coincided with fine sand layers and the moderately high values is of sandy silt layers. TOC/TN ratio ranges from 4.0 to 9.5. The data suggest that major amounts of marine organic matter are preserved in the sediments. Several diatom species are found in sandy silts. Dimeregramma minor, Plagiogramma staurophorum and Nitzschia obtusa occurred with low frequency. The sediments of this section intercalated the embayment sediments which are representative of underlying and overlying D1 and D2 diatom subdivisions respectively (Figs. 5 and 6) . It is likely that these sediments were deposited during a rising trend of sea-level to form transgressive sand barrier (Fig. 7) . The appearance of pebbly sands in the middle part of this section (Fig. 3) could be due to either errosive proceses of tidal and wave actions or sediment supply during the sea-level rise.
Group 4 corresponds to the lithologic VI and indicates high concentrations of TOC, TS and TN (Fig. 3) comparing with Groups 1, 2 and 3. Most of the data plotted on the TOC-TS diagram fall within the range of normal marine sediments, except some data from the lowermost part of this section fall above this range (Fig. 4-C) . These data can therefore be interpreted as paleoenvironmental changes from poor-oxic to normal oxic bottom water and high productive conditions. TOC/TN ratio ranging from 7.7 to 12.5 suggests a mixed type of marine/terrigenous organic matters (Fig. 4-D) . Diatom subdivisions D2, D3, D4 and F are representative of marine planktonic, brackish planktonic and marine / brackish epipelic diatom groups (Fig. 5) . Thalassiosira eccentrica and Cyclotella caspia are dominant. The enrichment in marine organic carbon is probably result of high plankton production brought about by displacement of nutrients from the deep water into the euphotic zone (Pedersen and Calvert, 1990; Middelburg et al., 1991) . Increased phytoplankton productivity and/or increased preservation of marine organic matter may have caused enrichment of the marine organic carbon (Stein and Rack, 1995) . High amounts of diatoms also support a high surface water productive environment and relationship between high TOC and high productivity were suggested (Pendersen and Calvert,1990; Lallier-Verges et at., 1993; Hinrichs et al., 1995; Stein and Rack, 1995) . As a consequence of the high sedimentation rate together with high value of TOC, all metabolizable organic carbon could not be decomposed before burial below the depth of active diagenesis Very high concentrations of TOC, TS and TN from the two intervals of -6.85 to -6.0m and -3.5 to -2.5m can correlate to the finely and/or weakly laminated facies. Enhanced contribution of readily metabolizable organic matter from marine or bacterial sources may be responsible for enrichment in sulfur of the laminated sediments, TS is consistently higher in the laminated intervals compared to adjacent bioturbated or homogenous intervals (Bruchert et al., 1995) . The laminated sediments correspond roughly to the marine/brackish and brackish/fresh sediments obtainted by D3 and F diatom subdivisions. Moderately high value of TS is origin, but the downward diffusion of sulfide, sulfate and their quantitative fixation in iron sulfide compounds from the overlying marine sediments may be important. TS enrichment can be interpreted as follow: in the time just after the deposition of laminated clayey silts, the enhanced production of sulfide in the bottom sediments and water column promoted sulf illation of the underlying reactive Fe by downward diffusion of sulfide and sulfate from the overlying marine sediments. At this time the laminated sediments would have been largely unconsolidated, uncompacted and still contained more than 80% water. This sulfidation ultimately resulted in high TS. The similar interpretations of depositional history in the sediments of Kau Bay has been suggested by Van Lap Nguyen, Masaaki Tateishi and Iwao Kobayashi May 1998 Middelburg (1991), Leventhal (1995) . Sedimentation took place under embayment or marine/ brackish lagoonal environments. Between -2.0m and -0.4m, TS concentration shows a regressive trend from 1.50 to 0.86 G1 diatom subdivision is representative of fresh and brackish water planktonic diatom groups (Fig. 5) . Melosira granulata and Coscinodiscus lacustris are dominant. From -0. 4 to 0 m the obvious increase of TS to 1.77 % corresponds to G2 diatom subdivision in which Cyclotella caspia , Actinocyclus ehrenbergii and Nitzschia granulata are dominant. Sedimentation took place under the fresh/brackish lake in the former and marine/brackish lagoon in the latter.
Relative sea-level change
The first Holocene transgression in Japan is called Jomon transgression after the prehistoric Jomon culture of Japan, and inferred the rising rate of sea-level had been rapid during 8,000 to 6,000 yrs BP. Most the relative sea-level curves show that the maximum Holocene transgression occurred during the period of 6, 500 to 5, 000 yrs BP. (Matsumoto, 1981 (Matsumoto, , 1985 Matsushima, 1984; Fujimoto, 1990; Ota et al., 1990; Umitsu, 1991) and reached about +4m above present sea-level in the Kanto Plain and Sendai (Matsumoto, 1981 (Matsumoto, , 1985 Saito, 1991 Saito, , 1995 .
In the Lake Kamo, during the last glacial period shoreline was further to the northeast in comparing to present Ryotsu coastline. The fluvial sediments of the lowermost part of the KM-11 core were formed in the Late Pleistocene due to a 14C age of 10, 050±120 yrs BP. at -45.80m and could be compared with the fluvial sediments in the lowermost part of a Fukushima-gata core, Echigo Plain of the Niigata city, dated 30, 000 yrs BP. (Nguyen and Kobayashi, 1996a, b ) . The sediment sequence which consist of the coastal marsh, estuarine valley fill and embayment or bay fill in ascending order overlying the fluvial sediments could be inferred the Holocene transgression deposits. Because of two 14C data in the uppermost part of the estuarine valley and marsh sediments could be, therefore, interpreted as the beginning of the Holocene transgression, and a boundary of the Late Pleistocene and Holocene deposits could be at -38.50 m. Moreover, owing to the swamp deposits, Matsumoto (1981) suggested the beginning of the Holocene transgression and sea-level at about -38m in the coastal plain along Sendai bay in 9,280 yrs BP. Around 9, 000 to 10, 000 yrs BP., sea-level at about -40 to -45m in Sendai and Kanto Plain was also suggested by Matsumoto (1981 Matsumoto ( , 1985 and Saito (1991 Saito ( ,1995 .
In the Lake Kamo, on the basic of the paleoenvironmental changes and corresponding ages are shown in Figure 6 , the first Holocene transgression reached the maximum level between 6,500 and 5,000 yrs BP, during which time the 13m thick sand-gravel barrier was formed. Two minor cycles of relative sea-level fall and rise could be inferred in this lake (Fig.  7) . There are the second and third Holocene transgression in 3,000 and 2,000 yrs BP. respectively. Embayment sediments occupied the site during these transgressions. The Holocene regressions occurred intercalary the transgressions in 4,500 yrs BP. and the Yayoi regression (3,000 to 2,000 yrs BP.). Marine/brackish and brackish/fresh lagoonal sediments were formed respectively.
After 1,800 yrs BP., fresh/brackish lacustrine sediments were probably formed due to the formation of the sand barrier on which the Ryotsu city is located now. Since 1902, Lake Kamo has been occupied by marine-brackish lagoonal sediments because an artificial channel was constructed in connecting Ryotsu Bay.
V. Conclusions
This study indicates that geochemical characteristics obtained from 54m sediment sequence in a boring core KM-11 retrieved from Lake Kamo, Sado Island in central Japan correspond to the diatom floral changes in the sediments, and can be applied to reconstruct pa- In the Late Pleistocene, fluvial sediments are characterized by high TOC, very low TS, relatively low CaCO3 and high TOC/TN implying high input of terrigenous organic matter. The beginning of Holocene transgression is inferred by the coastal marsh and estuarine sediments that are characterized by the abruptly increasing trend of TS and high TOC. The overlying sediments are characterized by low TOC, low TOC/TN implying marine organic matter, low productivity condition and slow sedimentation rate indicating the rapidly relative sea-level rise and probably reached the maximum in between 6, 500 and 5,000 yrs BP. After that, fluctuations of relative sea-level are characterized by high TOC and TS, high productivity condition and a mixed type of marine/terrigenous organic matter. High concentrations of TOC and TS can correlate to the weakly and/or finely laminated sandy silts of the lithologic Unit VI, whereas the homogenous sediments in the lithologic Unit III and Unit IV show low TOC concentration.
The enrichment of TS of the laminated sandy silts is probably due to the enhanced contribution of readily metabolizable organic matter from marine or bacterial sources, and the downward diffusion of sulfide and sulfate from the overlying sea water and marine sediments to the sulfate-moderate/poor bearing sediments which have been largely in unconsolidated and uncompacted conditions.
